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By Charles E. Hastings 

SUMMARY 



A metliod that utilises the Do-DX)ler effect OH r cICl 1 0 
signals for determining the speed of an airplane and the 
distance traveled "by the airplane has "been developed and 
found to operate satisfactorily. In this method, called 
the itTACA radio ground— speed system, standard readily avail- 
able radio eq^uipment is used almost exclusively and ex- 
treme frequency stability of the transmitters is not neces- 
sary. xTo complicated equipment need "be carried in the 
airplane, as the standard radio transmitter is usually 
adequat e , 

Actiial flight tests v/ere made in which the method was 
used and the results v/ere consistent with calibrated air- 
speed indications and stop— watch measurements. Inasmuch 
as the fundamental accuracy of the radio method is far 
better than either of the checking systems used, no check 
was made on the limitations of the accuracy. 

INTSODUCTIOIT 



A number of different systems can be used to measure 
the speed of an airplane and the distance the airplane 
travels by the use of Doppler effect on radio signals; 
but the greater number of the systems are either inaccu- 
rate or difficult to use, except at exceedingly high 
speeds. The most obvious method of measuring speed, for 
exajnple, is to use a frequency meter to measure the change 
in frequency due to Doppler effect as the distance is 
varied between the transmitter and the frequency meter. 
This system requires a frequency meter of extreme sensi- 
tivity and a transmitter with unusual stability. Such 
transmitters and frequency meters have not been developed. 

An improvement, which is still not satisfactory for 
accurate measurements at normal s^^eeds — that is, sj)eods 
less than 750 miles per hour — is to measure the beat fre- 
quency between the moving transmitter and a similar trans- 
mitter at either station v/hen the distance is varied betv;een 
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the tv/o transmitters. The required fronucncy stability 
would still he unr oas onaole for accurate v/ork. 

■'Another systen is to measure the ap.'^arent teat froq^uen— 
cy in the airplane, \/hich is moving hetv/eon tv/o synchronized 
transmitters. This system has several disadvantages that 
would make it difficult to use. Complicated equipment to 
synchroni::e the transmitters is required, and the telephone 
line used to synchronize the stations has to he extremely 
free from noise. A small am.ount of distortion results in a 
phase shift or even a sv/ing of several cycles per second in 
the frequency of one tr ansm.it t er . This effect is due to 
the fact that the synchronizing; freq^uency transmitted over 
the telephone line is multirjlied many times to obtain the 
radio frequency. The measurinjf; equipment has to he in the 
moving ooject, vrhich is an advantage for some uses, hut 
for air.crait research v/ork it is us\ially more convenient 
to have the measuring equipment on the ground. 

A foiirth system consists in transmitting^ a signal from 
one statio2T and receiving this signal in a second station, 
dividing this freqiiency hy a, suitable multivibrator, and 
retransmitting the resi-.lting signal to the original source. 
The returned signal is then multiplied and compared with 
the original signal. The beat between the two signals is 
proportional to the velocity of one station with respect 
to the other. This system can be operated either by send- 
ing the signal from, an airplane to the ground and having 
a harmonically related signal sent back to the airplane 
for speed det erm.inat ion in the airplane or by sending the 
signal to the airplane from the ground and having a har— 
m.onically related signal sent back to the ground. This 
systeFi is complicated and involves sending a.nd receiving 
harmonically related signals without feedback or blocking 
of the receiver. 

Another system is to measure speeds by picking up 
signals r ef le q t ed . f r om. the airplp.ne itself, which in this 
case needs no transmitter, and comparing these signals 
with the originally transmitted signals. This measure- 
ment probably can be made ^-^ith radar tyr.e of equipment .if 
it is available. 

The- system that appears most satisfactory for the 
present purposes and that is believed to be original is 
described in the following secti-on. . In this method, 
called the iTACA radio ground-speed system, standard read- 
ily available radio equipment is used almost exclusively 
and extreme frequency stability of the transmitters is 
not necessary. ilo complicated equipment need be carried 
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in the airplane, as the standard radio transmitter is 

usually adeq^uate. This systera has been adapted to the 

accurate neasur einent of the speed of airplanes and opera- 
tion has "been quite satisfactory. 



A transmitter in the airplane of which the speed is 
to "be measured transmits a cent inuous— wave radio— frequency 
signal, which is heterodyned by a ground station. Re- 
ceivers at each end of the flight path receive this heter- 
odyne note differently because the frequency of the moving 
traiasmitter is apparently increased vrith respect to the 
end of the course it is approaching and decreased vfith 
respect to the end of the co\irse from v/hich it is receding. 

By adding the audio—frequency signals — that is, the 
heterodyne notes — received by the tv/o receivers, a beat 
frequency that is proportional to the speed of the air- 
plane is obtained. The heterodyne note received at one 
end of the course must be sent cither by wire , or by radio 
to the opposite end of the course in order that the two 
signals may be mixed. The radio transmission allov/s 
greater flexibility in choosing the course and permits 
the use of completely mobile equipment; however, a tele- 
phone v/ire is more reliable, requires less equipment, and 
does not require a second assigned frequency. Figure 1 
shov/s diagraiiis of these systems. 

As an example, the airplane transmitter on a fre- 
quency f^ is heterodyned by a ground station operating 

on a frequency f^. The beat note |f^ - f ^ | must be 

betv/een 30 and 6000 cycles per second in order that stand- 
ard radio apparatus can be used. If fj) is a frequency 

equal to the velocity of the airplane in v/ave lengths per 
second of its transmitter, one receiver receives a note 

j f ^ - f ^ — f D I and the oth er r e ce ives a note | f ^ — f^ + f | . 

The value of 2ij) is obtained from the beat between 
the signals received at the two ends, that is, 



DESCRIPTIOH OF METHOD 
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wave length of airplane transmitter 
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It should "be noted that the first— order effect of 
freq^uGiicy drift in either transmitter is canceled out. 
The value of ijj depends on the frequency of the trans- 
mitter in the airplane; hov/ever , variations in this fre- 
quency will he less than 0.1 percent even with ordinary 
equipment, thus eliminating the necessity for stability 
of an impossihly high order. Che stationary transmitter 
can he at ^.ny convenient location on the ground as long 
as the signal received at both ends of the course does 
not differ too greatly in intensity from the signal from 
the airplane. 

As fj^ is equal to the v^^locity of the airplane in 
v/ave lengths per second, each cycle represents a distance 
alon^a; the course equal to one— lialf v;ave length of the 
moving transmitter, 3y recording these cycles along v/ith 
timing lines, an acciirate time— distance record is obtained 
from vrhich the speed of the airplane can he calculated. 

If. the airplane moves in such a tha,t the change 

in the distance to both receivers remains constant, no 
beat frequency v/ill be recorded. This type of flight 
v/ould be along a hyperbolic path with the receivers at 
the foci. A family of such hyperbolas, x/nich represent 
v/hat could be considered standing waves as far as. the 
film record is concerned, is shown in figtire 2. An air- 
plane flying along one of the hyperbolas in fig-are 2 will 
produce no beats betv/een the received signals. When the 
change in the distance froiu the airplane to one receiver 
is different from the change in the distance to the 
second receiver by a distance equal to one v;ave length of 
the transmitted signal from the airplane, one complete 
cycle v:ill be recorded. This method allov/s several vari- 
ations in the use of the system. 



PHELIMIITAEY TESTS 



The first check of the practicability of the method 
was made on ISTovember 4, 1940 at Langley Pield, Va. 
The receivers were located approximately 2 miles apart. 
The airplane flevr the course once in each direction at an 
altitude of 250 feet and with an airspeed of approximate- 
ly 130 miles per hour. The wind v;as practically v/ith the 
course at 5 miles per hour at the ground. The airplane- 
transmitted on a frequency of 3312.5 kilocycles and the 



ground transmitter was operated on a frequency approxi- 
mately 2000 cycles lower. The signals received at one 
end 01 the course were retransmitted on 46.00 kilocycles 
to an additional receiver located at the other end of the 
course. The audiofrequency signals received on 3312.5 
kilocycles and 4600 kilocycles were mixed and the "beat 
frequency was recorded on a sto,ndard LIACA recording galva- 
nometer along with l/2~seccnd timer marks. Sections of 
these records are shown in figure 3. Figure 3(a) shows 
a section of a record with the airplane flying against 
the wind, and figure 3(1)) is a section of a record with 
the airplane flying with the wind. The speeds were cal- 
culated to ne 154.5 miles per hour and 158 miles per hour, 
respectively. 

A second test v/as made l^ovember 7, 1940 "betv/een 
Langley Pield and Big Bethel, Va., a distance of approxi- 
mately 4.5 miles.' The same procedure was followed as in 
the first test except that the signals received at one 
end of the course were sent to the other end hy a tele- 
phone wire* 

The wind was at an angle of approximately 30^ 
with the course and .had a velocity of about 15 to 19 miles 
per hour at the Langley Pield meteorological station. In 
order to insure • the accuracy of the airspeed indication, 
the pilot was provided with a calibrated airspeed indica- 
tor connected to a suspended p i t o t-s t at i c head. (See ref- 
erence 1 . ) 

The pilot also checked his time to fly the course. 
Some variation in the speeds as determined by stop— v/atch 
readings and the radio method is to be expected. The 
pilot could not hold the airspeed closer to ISO miles per 
hour than' appr oximat ely 5 miles per hour because of rough 
air. The speed by the radio method was determined over 
the center, part of the course; v/hereas the stop— watch de- 
termination was for the total distance. 

Pigure 4(a) shows a section of a record taken with 
the airplane flying against the wind and figure 4(b) is 
a section taken with the airplane flying with the wind 
when the telephone return v/as used. 

Table 1 shows the ground speeds calculated from the 
radio ground-speed records and from stop-v^atch readings. 
The ground- speed as determined by the radio method and 
the stop-watch readings was consistent with the indicated 
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airspeed and tlie v/ind conditions prevailing. As a result 
of the preliminary tests, it v/as "believed that satis- 
factory performance could "be e::pected from the radio 
ground— speed system, 

EQUIPM31TT 



A permanent installation of the following equipment 
has heen made: Kammarlund model llOLx Super— Pro receivers 
are used and are mounted in suita"ble relay racks with the 
auxiliary equipment. One- small relay racl: contains a re- 
ceiver, suitable f ilt ers impedance matching transformer, 
and a pov/er supply for 12— volt direct— current operation or 
117— volt alt ernat ing— current operation. A loud speaker is 
also installed in the small rack to assist the operator 
in jnonitoring the received signal. A photograph of this 
equipment is shown in figure 5. Figure 6 is a circuit 
diagram of this installation. 

Q?he recording apparatus, as shown in figure 7, is 
mounted in the Ip.rge relay rack viith the signal mixing 
chani'iol, the timer, the receiver, the monitoring equip- 
ment, and the power supplies. Also is shov;n a small re- 
lay rack containing a third receiver, v/hich is used if 
the signal is transmitted from the far end of the course 
"by radio instead of *by a telephone line. A "block diagram 
of the apparatus in the large relay rack is shown in 
figure 8. 'The antenna receives the heterodyne note (approx. 
1000 cps) "betv/een the stationary ground transmitter and 
the transmitter in the airplane. After detection in the 
receiver, the signal is filtered and impressed on the sig- 
nal mixer in which it is mixed v/ith the similar signal 
that comes from the far end of the course. The signal 
from the far end of the course is amplified hefore it is 
sent to the mixer. The signal ampl i tudes , ar e controlled 
"by a gain control in the amplifier and the aiidio— gain 
control in the receiver. A cathode— ray oscilloscope is 
used to monitor the tvro signals entering the signal mixer, 
Figure 9 shov/s a circuit diagram of the signa,l mixer and 
the filter channel. The output of tho signal mixer is a 
difference frequency between the tvro input signals and 
is recorded on film "by a standard NACA recording galva- 
nometer. A photograph of the recording galvanometer with 
the cover removed is .shown in figure 10. The film drums 
contain 20 feet of film and are easily replaceable 
through the front grilled door panel. A film speed of 
1/2 inch per second is normally used. 
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An HACA chr on.om et r i c tinier Is ur-ed to put l/2— second 
'timing ::ip.rks on the film record. The recorder also has a 
second timing line operated at line fren'-iency, 60 cycles 
per second, which does not appear on the original records 
Figure 11 shows later records, one at a higher film speed 

Figure 12 is a photograph of a 100— v;att transmitter, 
which is used as the stationary ground transmitter. This 
transmitter is used unmodulated for these tests; it is 
sometimes used modulated for communication and coordina- 
tion of the tests. 

Normally the transmitter already installed in the 
airplane is used and is tuned to the assigned frequency, 
3850 kilocycles. A spjall 15— v;att transmitter is in- 
stalled in the airplane if necessary or more convenient. 
This transmitter is a crysta.1— controlled unit v/ithout 
modiilation equipment, which is not necessary for the pres- 
ent purposes. A circuit diagram of this transmitter is 
shown in figure 15. 



VELOCITY CALCULATIONS 



If the airplane flies directly between the antennas 
of the tv/o receivers, the heat frequency recorded is 
directly proportional to the velocity of the airplane and 
the frequency of its transmitter. Each recorded cycle 
will represent a distance traveled equal to one— half the 
wave length of the transmitted signal. In figure 14 the 
recorded teat frequency and the distance traveled per 
record cycle are plotted against the frequency of the 
transmitter in the airplane v/ith the speeds of the air- 
plane as parameters for the previously given conditions 
of flight . 

When the airplane is directly "between the receivers 
but flying at an angle with the course, the film record 
indicates the component of the velocity of the airplane 
along the course. For small angles, the cosine is prac- 
tically 1*00, x^/hich cp.uses negligible error because of 
the ina.bility of the airplane to fly a true course. 

If the airplane flies parallel to the line between 
the receivers but not on the direct line between the re--- 
ceivers, the distance traveled by the a.irplane is greater 
per record cycle* This case is practical because, with 
an airplane flying at a high altitude, the airplane could 
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not usually fly diroctly Dotween the rocoiver' antennas. 
Figure 15 shouG thir, correction in- percent for three 
different positions along the course plotted against the 
ratio of the altitude of the airplane, to the distance 
loetv/een the receivers. Plots of t h i cor r e ct i on are 
made for the case when the airplane ii in the center of 
the coiirse, v/hen the airplane is one— -^^hird the distance 
"betv/een the receivers from either receiver and v/hen the 
airplane is one—fifth the distance "betvreen the receivers 
froiii either receiver. 

The radio ground— speed system is at present operated 
with a distance hetv/een the tv/o receivers of approximately 
75,000 feet. A plot of altitude correction applied to 
the usual constant of 2 recorded cycles per wave length, 
traveled 'by the airplane is shown in figure 16. Five 
parameters of altitude are plotted. If the airplane is 
off the straight— line course horizontally as v/ell as ver- 
tically, the correction v;ill he applied in the same 
manner, except that the perpendicular distance to the 
line "betv/een the receivers (the slant height) will be used 
in calculating the correction. 

The velocity of the airplane and the distance traveled 
may "be calculated from the recorded cycles and the timing 
cycles, if the direction of flight and the position of the 
airplane are knovm, "by the following eq_uations: 





wher e 



speed of 



airplane 



s 



distance traveled "by airplane 



\ wave length of transmitter in airplane 
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n number of record cycles 
t time 

\|/ azimuth angle "between flight path and line "between 
r eceiver s 

c perpendicLilar distance from airplane to line "between 
receivers 

a and 1) distance to receivers from point of intersec- 
tion of perpendicular from airplane to line 
*bet\i^een receivers 

It is assumed that the airplane maintains constant alti- 
tude, which is not difficult in flight. Any error due to 
the flight— path a.ngl e is very small and the error ap- 
proaches zero very rapidly as the angle "becomes small. 

When the airplane is flying in the center of the 
course and directly "between the receivers, the equations 
for speed and distance simplify to 



s = 



nX 
2t 

n\ 
2 



These simple equations can "be used as long as the alti- 
tude is a small percentage of the distance to either re- 
ceiver. 

If the ground— speed course is used to measure air- 
speeds, the velocity of the v/ind is, of course,, important. 
Correction for the component of the v/ind velocity along 
the course can be made "by averaging the velocity of the 
airplane as measured flying in each direction or "by de- 
termining the wind velocity at that altitude by other 
means and correcting for it, 

For accurate measurements of airspeed, the tests 
should be liiade only on days when the v/ind velocity is 
low relative to the velocity of the airplane. At high 
velocities of tho airplane the wind becomes of less im- 
portance on a percentage basis. The use of this system 
for investigating winds at high altitudes has been con- 
sidered. 
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111 the center of the course, v;hen the airplane starts 
the run on the upwind side of the course and finishes on 
the dcv/nwind side and flies v;ith a heading corresponding 
to the comrjass course hetv/een the stations, the cross 
wind has no effect on the speed measurements e:r.cept for 
geometric error v;hen the airplane gets too far off the 
course laterally* Correction may "be made for cross v/inds 
hy flying the airplane along a true course and the air- 
speed can oe obtained "by dividing the meastired ground 
speed "by the cosine of the angle of drift. 



The velocity of an airplane in a dive may he meas- 
ured "by diving the airplane directly at one receiver so 
that the distance "between the airplane and a second re- 
ceiver is a constant, as would he the case if the second 
receiver v/as a con s id or ahl o distance away and at right 
angles to the flight path. 0?he proper flight path woiild 
actually he on the surface of a sphere v^ith a radius 
equal to the distance hetween the receivers. If the dis- 
tance hetween the receivers is large compared with the 
distance hetween the airplane and the receiver, hov/ever, 
the surface of this sphere hecomes a plane siirface for 
all practical purposes. Each record cycle then repre--- 
sents a distance traveled tov/ard the receiver equal to 
one v:a,ve length of the r adio— f r equency signal sent from 
the airplane. 

Care must he taken that the distance to the second 
receiver remains constant or changes a negli/^ihle amount, 
or that the flight path is known accurately so that 
proper corrections can he made. The error, for the first 
approximation, is proportional to the sine of the angle 
"between the flight path and the line hetween the receivers. 
This error does not approach zero as rapidly as when the 
error is a function of the cosine of the angle, v/hich is 
the case when horizontal velocities are measured. Errors 
in the angle of flight path in the other plane, when the 
flight path is not directly toward one receiver hut the 
distance to the second receiver remains constant, are not 



POSSIBLE VAHIATIOITS OF 



SYSTEM 



Measvir ement of Velocity of an 



Airplane in a 



Dive or of a Falling 



Body 
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so critical because they arc prcportioiial to the differ- 
ences in a cosine function. In order to keep the error 
belov/ 1 percent, even when the altitude is small in com- 
parison with the distance "bctv/ocn the receivers, the 
angle "between the flight path and the line between the ., 
receivers must not vary more than approximately 1 / 2^ 
from 90 , 

Inasmuch as it is doubtful tliat the fli/i:ht path can 
be established to this oi^der of accr.racy, other data may 
be necessary to make the corrections that depeiid on the 
angle of the dive. One method of obtaining the addi- 
tional data is to use three receivers in a line and dive 
at the center receiver. The horizontal distance traveled 
along the line connecting the receivers cai^ be determ.ined 
from the beat betv/een the signals received in the tv/o 
outer receivers. The vertical distance traveled can be 
determ.ined from the beat note betv/een the center and 
either outside receiver. In this system as in the other, 
a stationary transmitter is of course necessary to heter- 
odyne the signal transmitted by the airplane. 

Another alternative is to use o. second airplane (or 
an airship) as one end of the course and dive an airplane 
betvreen the airplane (or airship) and a ground station. 
This method simplifies the corrections and is similar to 
the. ground— speed system.. The signal received in the air- 
plane (or airship) must be sent to the ground by an addi- 
tional radio link; this link can, however, be o.n ultra- 
high-frequency transmission inasmuch a,s the ground station 
would always be in sight. This variation may lend itself 
•to the study of falling bomibs. 

It is suggested that, if this method of measuring 
velocities in a dive is considered, a thorovigh and detailed 
study be made to ascertain if the necessary conditions can 
b e m e t . 

Mult iple Sy s t em.s 

3y use of two complete radio gr'ound— sp e ed systems 
placed at r ight . angl es , the exact position of tlie air- 
plane and more than one component of its velocity can be 
calculated, at any time, from the recorded cycles, if it is 
assumed that the position of the airplane at one instant 
is knovm. If it is' possible to place tv;o additional re- 
ceivers on a vertical line, f ur therinor e , the position of 
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the airplane in space can be calculated from the three 
film records. These multiple systems may "be simplified 
"by placing the course lines at angles other than right 
angles and by using only three receivers in the tv/o- 
coordinate system and four receivers in the three- 
coordinate system. This simplification is made by using 
one receiver on tvro or more courses, but the calculation 
is more difficult. 



GEilBRAL COilS IDSRaT lOlIS 



The number of recorded cycles per second in any use 
of the radio ground— speed system depends directly on the 
frecLuency of the radio signal transmitted from the air- 
plane. The higher the operating frequency the shorter 
the distance the airplane must travel to obtain the sam.e 
num.ber. of .recorded cycles. This fact is important be- 
cause a definite number of cycles is required to determine 
the frequency v/ithin a given limit of accuracy. Experi- 
ence has shov/n that, ^^ith the apparatus under normal con- 
ditions, the number of cycles can be determined to ap- 
proximately 1/10 cycle, which requires at least 20 cycles 
to obtain an accuracy of 0.5 percent or the airplane has 
to travel a distance of about l/2 mile when operating on 
3850 hilocycles. When the system is operated on approxi- 
mately 100 megacycles, 100 feet of travel \rould be re- 
quired to give a sufficient number of- record cycles. The 
number of cycles could be determined to a considerably 
higher degree of accuracy than.l/lO cycle without normal 
static and interference that are always present in some 
d e gr e e . 

Other cons ider at ion:--' , such as obtaining an assigned 
freq^uency that does not interfere with other services, 
the adaptability of standard radio apparatus available, 
and the natural frequency of the recording galvanometer 
available, are often the deciding factors in the selec- 
tion of the operating freq^uency. 

Theoretically, it would seem that the greater the 
distance between the receivers the higher the accuracy 
of the measurements and the higher the airplane could fly 
without using the more complex method of calc^ilating the 
velocity of the airplane from the recorded frequency. 
This assumption is not necessarily true, as the distance 
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"between the receivers must be so limited that the signals 
received at "both receivers are the result of direct radi- 
ation from tho airplane and ground transmitters and are 
not signals reflected from the Xenn elly— Heav i s ide layer. 
The paths of stich reflected signals a.r o not constant, 
would not "be roliablc, and might of course have un.known 
angularity corrections with the change in position of the 
airplane. A second reason that tho length of- course is' 
limited is' that, as the length of course incres^ses, the 
transmitter power reauired for acceptahlo reception also 
increases nt a higher rate. It is also not. generally con- 
venient or economical from a practical standpoint to op- 
erate tv/o receiving sta,tions at a great distance. 

The problem of get t ing one r Gceived- s ignccl back "to: 
the recorder is more difficult as the distance betv^eeri ' 
the receivers is increased. The problem of the longer 
telephone line is not 30 serious as that of tho radio re- 
turn because this link is approximately tvfice the dis- 
tance traveled by the other radio signals, v/hich may re- 
sult in fading or a large amount of interference. 



COKCLUDIITG REHAHKS 



The ETACA radio ground— speed system for determining 
the velocity and the distance traveled by an airplane 
has been developed and operation has been quite satis- 
factory. The ground speed of an airplane could be ob- 
tained to 0.1 percent by a method requiring only .a radio 
transm.itter operating on a suitable frequency, in the' air- 
plane; hov/ever , it is doubtful if the geometry of the 
course will be known to this order of accuracy. 

If thesysteji is to be used to check true airspeed, 
the airplane need fly only the center miile of the cotirse 
in both directions to allow accurate speed determinations 
to be made. It is recommended that the tests be made 
only on days v/hen the v/ind velocity is lov.^ relative to 
the velocity of the airplane to prevent serious errors 
due to changes in v/ind velocity. 

The velocity of an airplane in a dive may be deter- 
mined by using this s^rstem. Greater accuracy in flying 
a knovni flight p'..th is, however, rec[uired than for hori- 
zontal flight; o.s a result, the possibility of appreci- 
able errors in measured velocity is increased. 
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Multiple courses may be arranged which give more 
than one component of the velocity. Greater accuracy 
could "be expected with these multiple courses as a rigid 
flight path would not l)e necessary. 

The NACA radio ground-speed system would lend itself 
to the accurate measurement of distance; or, if the dis- 
tance were known, the speed of radio waves could he 
accurately checked. This system for accurately measuring 
distance might he useful for such purposes as charting 
hottoms of rivers or for laying "buoys and mines in knora 
positions. 

Langley Memorial Aeronautical lahoratory, ^ 

National Advisory Committee for Aaronn.utics, 
Langley Field, Va. 
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TABLE I. - GMiCULATED GROUITD SPEEDS 

[Corrected airspeed, l60 mph; v/irid velocity, 15 to 19 n-phy 
and v/ind direction, 30^ to line of fli^^ht, at the 
Langley Field meteorological station] 



Hun 


Direction 
of flight 


Velocity calculated 
from radio method 


Velocity calculated 
from stop-watch 
readings 
(niph) 


1 
2 

3 

k 

5 
6 
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Figure — Diagra/ThS of rad/o-groune/-speed systems. 



Z 




Figure 2, - Section of a family of hyperbolas representing the standing waves 

between the receivers with respect to the recorded cycles. For a distance Tl 
traveled by the airplane, represented by the distance between hyperbolas, a ^ 
definite number of cycles, depending on the radio frequency, is recorded. 
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(b) Airplane flying with the wind. 
Figure 3.- Radio ground-speed records with radio return. 



(a) Airplane flying against the wind. 




(b) Airplane flying with the wind. 



Figure 4.- Radio ground-speed records with telephone return. 
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Figure 5,- Receiver mounted with filter and power supply. 
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Figure 7.- Radio ground-speed recorder and auxiliary receiver. 
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Figure 8^- Bl^^ck diagram of radio-ground-speed recorder. 
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Figure 10.- NACA photograpnic recording galvanometer, cover removed. 







Figure 11.- Typical radio ground-speed records. 
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/^Qf/o of a/f/'fuc^e to <//\sfance /befweer? rece/vers (1 block = 10/23) 

n^i/re /S.— Effect of a/f/fucfe for three /so^itio/K^ on courc^. tO* 



